Background: Reduced prepulse inhibition (PPI) of the auditory startle reflex is a hallmark feature of attention-processing deficits in patients with schizophrenia and other psychotic disorders. Recent evidence suggests that these deficits may also be present before the onset of psychosis in individuals at ultra-high risk (UHR) and become progressively worse as psychosis develops. We conducted a longitudinal follow-up study to observe the development of PPI over time in UHR adolescents and healthy controls. Methods: Two-year followup data of PPI measures were compared between UHR adolescents and a matched control group of typically developing individuals. Results: We included 42 UHR adolescents and 32 matched controls in our study. Compared with controls, UHR individuals showed reduced PPI at both assessments. Clinical improvement in UHR individuals was associated with an increase in PPI parameters. Limitations: A developmental increase in startle magnitude partially confined the interpretation of the association between clinical status and PPI. Furthermore, post hoc analyses for UHR individuals who became psychotic between assessments had limited power owing to a low transition rate (14%). Conclusion: Deficits in PPI are present before the onset of psychosis and represent a stable vulnerability marker over time in UHR individuals. The magnitude of this marker may partially depend on the severity of clinical symptoms.
Introduction
Disrupted filtering of preattentive, irrelevant sensory information, as measured by prepulse inhibition (PPI) of the auditory startle blink response, is thought to represent a core feature of schizophrenia. 1 Prepulse inhibition is the automatic suppression of startle magnitude that occurs when the startling stimulus is preceded for 30-500 ms by a weak prepulse. 2, 3 It has consistently been shown that PPI is diminished in individuals with schizophrenia and other psychotic disorders, individuals in remission of psychosis and unaffected relatives. [4] [5] [6] These findings suggest that reduced PPI may serve as a vulnerability marker for the onset of overt psychosis and thereby potentially aid in the early detection and prevention of imminent psychosis. However, the timing of manifestation and predictive validity of this marker are still unclear.
Clinical or ultra-high risk (UHR) designs have helped identify individuals at increased risk for psychosis on the basis of subsyndromal symptoms. 7 Although transition rates vary between UHR study sites, the incidence of psychosis is generally high and occurs in relatively close proximity to initial intake. 8, 9 A previous cross-sectional study investigating acoustic PPI in UHR adults demonstrated a reduction in PPI for prodromal individuals and a negative association between startle reactivity and severity of clinical symptoms. 10 Additionally, a recent study from our group also found a reduction of PPI in UHR adolescents who were not taking antipsychotic medication (unpublished data, 2009), suggesting an early presence of this particular vulnerability marker. Owing to an absence of longitudinal reports in UHR individuals, it is unknown whether PPI represents a stable vulnerability marker of the prodromal state or whether it is associated with change in clinical status over time.
To investigate change over time, we collected longitudinal PPI data in a 2-year follow-up of UHR adolescents and typical ly developing controls (aged 12-18 yr at baseline). The first aim of this study was to determine whether suppressed PPI is a stable vulnerability marker for UHR individuals over time. We hypothesized that UHR individuals would show lower startle reactivity and %PPI over time than controls and that the magnitude of this group difference would depend on the general clinical outcome. The second aim was to explore post hoc whether onset of psychosis between assessments was associated with increased reduction of PPI parameters. We hypothesized that UHR individuals with a psychotic transition (UHR-P) would show more pronounced reduction in startle reactivity (which has also been reported in people with schizophrenia 11, 12 ) and %PPI than UHR individuals without psychosis (UHR-NP). Finally, we hypothesized that a change in PPI over time would show a correlation with a change in clinical symptom scores over time.
Methods

Participants
This study is part of the Dutch Prediction of Psychosis Study, a longitudinal research project at the University Medical Center Utrecht in Utrecht, the Netherlands, 13 and was approved by the Dutch Central Committee on Research Involving Human Subjects. Adolescents meeting at least 1 criterion of 4 for UHR were referred by general practitioners or other psychiatric clinics at baseline (T1). We recruited the control group of typically developing adolescents from secondary schools in the region of Utrecht. Both groups participated in a follow-up assessment 2 years after the initial assessment (T2). All individuals were between 12 and 18 years of age at baseline recruitment and were included after informed consent was given. Consent could be withdrawn at any time during the follow-up period or after a clinical expert opinion that an individual was incapable of adequately judging the nature of participation in the research project. Individuals younger than 16 years of age signed for assent, and their parents signed for consent. Individuals aged 16 years or older provided informed consent themselves.
Ultra-high risk status was assigned to individuals who met at least 1 criterion of 4 for UHR at T1. The UHR criteria employed in this study have previously been published 14 and resemble other frequently used criteria for UHR. 8 Briefly, the first 3 inclusion criteria were 1) attenuated positive symptoms; 2) brief, limited or intermittent psychotic symptoms; and 3) a 30% reduction in overall level of social, occupational/school and psychologic functioning (i.e., global assessment of functioning [GAF]) in the past year, combined with a genetic risk of psychosis. We assessed these criteria using the Structured Interview for Prodromal Symptoms (SIPS). 15 The fourth inclusion criterion was 2 or more of a selection of 9 basic symptoms, such as subjective deficits in cognitive functioning; we assessed this criterion using the Bonn Scale for the Assessment of Basic Symptoms-Prediction List (BSABS-P). 16 Presence of a psychotic transition during follow-up was determined by use of the SIPS. A SIPS diagnosis of a psychotic syndrome refers to psychotic symptoms of particular intensity (e.g., delusional conviction) and frequency or duration (≥ 1 h/d for ≥ 4 d/wk during the past month) or of particu lar impact (seriously disorganized or dangerous), designed to operationalize the threshold for a DSM-IV 17 Axis I psychotic disorder diagnosis. 9 We performed chart reviews to retrospectively confirm psychotic transition by clinical consensus (H.vE., P.S.), and diagnoses were subsequently derived according to DSM-IV guidelines.
We excluded controls if they met 1 of the UHR criteria, if they or any first-degree relative had a history of any psychiatric illness, or if there was a second-degree relative with a psychotic disorder. Both controls and UHR individuals were excluded if there was evidence of any past or present neurologic disorder (e.g., epilepsy). Drug and alcohol abuse were additional exclusion criteria, although UHR individuals were permitted a history of drug use if symptoms had also been present in the absence of drugs. We assessed verbal intellectual functioning with the Wechsler Intelligence Scales. 18, 19 For participants who smoked, smoking was allowed ad libitum before assessment.
Prepulse inhibition paradigm
Participants were seated upright in a comfortable chair in an acoustically shielded room. Auditory stimuli were presented binaurally through stereo insert earphones (Eartone ABR). Software settings were calibrated by an artificial ear (Brüel and Kjaer, type 4152) to ensure adequate stimulus intensities.
Recordings were obtained by using a BioSemi Active Two system. Two extra system electrodes called CMS/DRL provided the mechanism for internally referencing the signals: the Common Mode Sense (CMS) electrode is the online reference, and the Driven Right Leg (DRL) electrode provides the active ground for the system. Electromyographic (EMG) activity of the right orbicularis oculi muscle was recorded from bipolar electrodes. One was placed over the medial aspect of the muscle and one displaced 0.5 cm laterally. All data were analyzed using the software package Brain Vision Analyzer (Brain Products GmbH).
The PPI paradigm was assessed at a fixed order in a neurophysiologic test battery (6 out of a total of 8 tasks) that lasted about 2 hours in total, including preparation time. Before testing, 4 startle stimuli of rising intensity were presented, 2 of which were preceded by a prepulse, to accustom the participants to the loud noise. The actual experiment consisted of 24 randomized trials: 12 startle stimuli preceded by a prepulse and 12 startle stimuli with no prepulse. The prepulse and startle stimuli consisted of bursts of white noise (duration 22.5 and 32.5 ms, intensity 87 and 106.5 dB(A), respectively, rise/fall 0.1 ms) over a 30 dB(A) background noise, with a fixed interstimulus interval of 120 ms. The intertrial interval varied between 12 and 23 seconds.
Data were filtered offline with a high-pass filter of 30 Hz and a low-pass filter of 200 Hz. Epochs from 50 ms prestimulus until 200 ms poststimulus were extracted from the continu ous data, and the baseline was corrected using the data for 50 ms before stimulus onset. Thereafter, the data were rec tified. Finally, assessment of the maximal peak amplitude and PPI quantification took place within a window of 20-90 ms after stimulus onset using a computerized algorithm for peak detection.
Startle amplitude was defined as the amplitude of the response to the pulse alone trials. We defined %PPI as the percentage of reduction of the startle amplitude over prepulse-pulse trials, compared with the pulse alone trials (PPI = 100 × [1 -pp/p]), where pp indicates amplitude over prepulse trials and p indicates amplitude over pulse alone trials.
Statistical analysis
We compared group characteristics using analysis of variance (ANOVA) for age, IQ and clinical scores. We performed χ 2 tests for sex distribution and handedness. Repeatedmeasures ANOVAs were conducted for clinical scores to determine outcome over time. Nonpara metric analyses yielded similar results and are therefore not reported. Startle reactivity amplitudes were log-transformed to diminish the effect of a skewed distribution. For the same reason, 3 extreme outliers (2 controls, 1 UHR individual), falling 3 standard deviations from the mean of absolute difference scores between T1 and T2, were removed for %PPI analyses. Repeatedmeasures ANOVAs were used, with startle parameters as the within-subject variables and group (UHR v. controls) as a between-subject factor. Using ANOVA, we checked data at T1 for potential baseline differences between UHR individuals and controls. We repeated all startle analyses for comparisons between control, UHR-P and UHR-NP groups using Tukey honestly significant difference post hoc tests to identify potential subgroup differences. Cohen's d was used to report effect sizes for startle parameters. For all analyses, we considered results to be statistically significant at α = 0.05, 2-tailed. To examine potential influence of moderating effects of sex, medication and smoking on startle parameters, we conducted separate analyses for these variables. Spearman correlation coefficients were used to explore the relation between PPI and clinical scores in UHR individuals.
Results
Participants
We included 42 adolescents meeting at least 1 of 4 criteria for UHR and 32 matched controls aged 12-18 years at baseline in this study. All individuals had a level of verbal intellectual functioning of 75 or greater, as assessed with the Wechsler Intelligence Scales. 18, 19 The DSM-IV Axis I diagnoses were as follows: 295.10 schizophrenia, disorganized type (n = 1); 295.30 schizophrenia, paranoid subtype (n = 3); 295.70 schizoaffective disorder (n = 1); and 296.04 bipolar I disorder (n = 1). None of these individuals was considered to have overt psychotic symptoms at the time of T2 assessment. Demo graphic and clinical characteristics, including smoking status and medication use, are reported in Table 1 .
Groups were matched for sex, handedness, IQ and age. The UHR individuals reported more clinical symptoms than controls at T1 and T2 (all p < 0.001), and there was a significant time × group within-subject interaction for all clinical scales (all p < 0.001). The UHR individuals showed a decrease in symptoms (total SIPS and total BSABS-P) and an increase in daily functioning (GAF) over time compared with controls (all p < 0.001).
Post hoc tests showed an IQ difference between groups with lower total IQ scores for the UHR-P group than controls (p = 0.017). Both the UHR-NP and UHR-P groups reported more clinical symptoms than controls at T1 and T2 (all p < 0.001). Additionally, the UHR-P group reported more clinical symptoms than the UHR-NP group for total SIPS scores at T1 and T2 and total BSABS-P scores at T2 (all p < 0.05).
Startle reactivity
There was a main effect for pulse alone amplitude, caused by an increase in amplitude over time (F 1.1, 72 = 27.27, p < 0.001). Additionally, there was a group difference, with UHR individuals showing lower amplitude than controls (F 1.1,72 = 6.60, p = 0.010; Fig. 1 ). The time × group within-subject interaction indicated a trend (F 1.1,72 = 3.93, p = 0.05), and there was no difference in ampli tude between groups at T1 (t 71.15 = 1.62, p = 0.11). A post hoc group difference was found only between controls and the UHR-NP group (p = 0.048), but the effect size of the group differences was larger for the UHR-P than the UHR-NP group compared with controls (d = 0.53 and 0.74, respectively. Because the UHR-P group was not ideally matched for age, sex and total IQ, the analysis was repeated with age at T1, sex and total IQ added as covariates, which did not affect the outcome.
Prepulse inhibition
The UHR individuals exhibited a lower %PPI than controls over time (F 1.1,69 = 7.20, p = 0.009), and there was a significant time × group interaction (F 1.1,69 = 4.17, p = 0.045), potentially due to a relative increase in %PPI over time for UHR individuals and a stable %PPI for controls (Fig. 2) . This group difference was already apparent at T1 (F 1,72 = 12.49, p = 0.001). Post hoc %PPI differed only between controls and the UHR-NP group (p = 0.028). As with startle reactivity, the effect size of the group differences was larger for the UHR-P than the UHR-NP group compared with controls (d = 0.67 and 1.05, respectively). Including age at T1, sex or total IQ as covariates for this analysis did not affect the outcome.
Sex
No differences were found on startle parameters when boys were compared with girls for the entire sample, nor when the control and UHR groups were separated. Adding sex as a covariate to the initial group analyses also failed to reveal an influence of sex on startle parameters.
Medication
For pulse alone amplitude and %PPI change over time, there were no differences between UHR individuals who never used medication (n = 22), UHR individuals who used medication at either T1 or T2 (n = 9) and UHR individuals who used medication at both assessments (n = 11). The %PPI for different medication types are displayed in Figure 3 . Removing all individuals who received medication at T1 or T2 (n = 20) from the analyses did not change the outcome of the initial comparisons between UHR individuals and controls.
Smoking
Only 1 individual in the control group smoked on a regular basis at T2 (Table 1) , therefore a minimum influence of smoking status on PPI was assumed for the control group. For pulse alone amplitude and %PPI change over time, there were no differences between UHR individuals who never smoked (n = 27), UHR individuals who smoked regularly at either T1 or T2 (n = 8) and UHR individuals who smoked at both assessments (n = 7). Removing all individuals who smoked at T1 or T2 from the analyses (n = 15) did not change the outcome of the initial comparisons between UHR individuals and controls, except the interaction effect between %PPI and group was no longer significant (F 1.1,54 = 3.82, p = 0.06). 16 UHR = total group at ultra-high risk for psychosis; UHR-NP = subgroup of people at ultra-high risk for psychosis who do not transition to psychosis; UHR-P = subgroup of people at ultra-high risk for psychosis who transition to psychosis. *Unless otherwise indicated.
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†Post hoc comparisons significant (p < 0.05) for controls versus UHR-P. ‡Post hoc comparisons significant (p < 0.05) for controls versus UHR-NP, controls versus UHR-P and UHR-NP versus UHR-P. §Post hoc comparisons significant (p < 0.05) for controls versus UHR-NP and controls versus UHR-P. ¶Comparisons between UHR-NP versus UHR-P only. **All UHR-NP individuals used atypical antipsychotic medication; the UHR-P individual used typical antipsychotic medication.
† †All UHR individuals used atypical antipsychotic medication.
Correlation between PPI and clinical variables
Correlations between PPI and clinical variables are displayed in Table 2 . There were significant correlations between startle reactivity and GAF scores at T1 (p = 0.039) and between %PPI and total SIPS scores at T2 (p = 0.048). Change over time in both PPI parameters was associated with a change over time in total BSABS-P scores (p = 0.031 and p = 0.034, respectively).
Discussion
To our knowledge, we present the first longitudinal, 2-year follow-up study of PPI of the auditory startle blink response in a large sample of UHR adolescents and typically developing controls. We hypothesized that UHR individuals would show deficient PPI over time compared with controls and that the magnitude of this deficit would depend on the clinical outcome. The results confirmed that, compared with controls, PPI parameters (startle reactivity and %PPI) were reduced in UHR individuals over an extended period of time, irrespective of sex, psychotropic medication use and smoking status. Additionally, clinical improvement over time was associated with an increase in %PPI for UHR individuals. Owing to limited statistical power, no evidence was found for progressive worsening of PPI in a small group of UHR individuals (n = 6) who experienced a psychotic transition between assessments (UHR-P). A novel finding of this study was a developmental effect of startle magnitude, which increased with age during adolescence for both controls and UHR individuals. One cross-sectional study 10 has previously reported on PPI deficits in UHR cohorts, and the findings were replicated in a study from our own group (unpublished data, 2009). Both studies suggest that PPI deficits present a stable vulnerability marker or trait and potentially predispose UHR individuals to oncoming psychosis. The presented longitudinal results showed that this deficit is stable over time in UHR adolescents. Additionally, this study showed that PPI may be state-sensitive, as the magnitude of reduced PPI was associated with severity of clinical status in UHR individuals. This was illustrated by improvement of both clinical variables and %PPI for UHR individuals over time, whereas controls were proven to have stable and higher levels of %PPI and clinical scores. Furthermore, the most pronounced clinical improvement over time for UHR individuals was reflected by a decline in total BSABS-P scores and was significantly correlated with the enhancement of PPI parameters. This suggests that PPI is an early vulnerability marker that is potentially mediated by alterations of the psychopathologic state, which has been proposed and supported by others 11, 20, 21 based on longi tud inal PPI observations in patients with chronic schizophrenia.
In line with the study by Quednow and colleagues, 10 no evi dence was found for greater PPI deficits in UHR-P individuals before psychosis onset. Additionally, UHR-P individuals showed no subsequent reduction in PPI over time. Importantly, none of the UHR-P individuals was psychotic at the time of assessment, and their level of global functioning (GAF score) was similar to that of UHR-NP individuals. However, the results for the UHR-P subgroup have to be interpreted with reservation, as they are obscured by lack of statistical power owing to a low transition rate (14%). Although transition rates are generally higher in UHR cohorts, 8 a 2-year follow-up study of a large UHR cohort in Melbourne, Australia, recently reported a similar transition rate of 16%. 22 Considering the relatively young age of UHR individuals in our study and the long-term conversion rate based on similar inclusion criteria (70%), 23 higher transition rates are expected as we continue to monitor these individuals as they progress into adulthood.
An unanticipated outcome of this study was the developmental increase of startle reactivity with age, demonstrated by larger magnitudes in pulse alone trials. Whereas PPI reportedly reaches adult levels in children around 8 years of age, 24 and startle magnitude is known to decrease with age in adulthood, 25, 26 very few data have been published on the typical progression of startle magnitude during childhood and adolescence. One study found that adolescents aged 12-13 years (n = 94) who were in a mid-/late-pubertal stage showed increased startle magnitude compared with those who were in a pre-/early-pubertal stage. 27 Another study with a smaller number of participants (n = 27) but a broader age range (8-17 yr) failed to find evidence for age effects of startle magnitude during adolescence. 28 However, comparison between these studies is hindered by several methodologic differences, including the definition of startle magnitude (peak amplitude v. area-under-the-curve approach) and the cross-sectional study design. Nevertheless, maturational changes may play a role in the ability to pick up potential vulnerability markers during adolescence. For example, in the current study, startle magnitude only differed between groups over time and not at baseline. Additionally, the time × group interaction nearly reached significance (p = 0.05), indicating a slower increase of startle magnitude for (a portion of) UHR individuals over time. However, these results await confirmation from longitud inal PPI reports in similar adolescent cohorts.
A number of factors are known to influence PPI and may partially be reflected in our results. Sex has been shown to affect PPI parameters with men showing higher levels of PPI than women, [29] [30] [31] although some studies have also reported an absence of sex differences. 26, 30 Given that our study groups were matched for sex, we further controlled for potential influence of this factor by directly comparing boys to girls, and no sex differences were detected. However, we could not correct for the potential influence of phase of the menstrual cycle in girls, as these data were unavailable. Numerous studies have also examined the effects of psychotropic medication on PPI. 32, 33 Because UHR individuals in our study were receiving multiple types of medication, which in some cases changed in type or dosage over time, statistical correction for this factor was restricted. Despite this limitation, our results demonstrated that unmedicated individuals did not differ from medi cated individuals and that group results did not change when medicated individuals were excluded from the analysis.
Limitations
A possible limitation of the current study is that smoking status was based on self report, which cannot exclude the possibility that unreliable data were submitted. 34 Nicotine intake can increase PPI levels in controls and patients with schizophrenia [35] [36] [37] and consequently may have interfered with our outcome. Furthermore, smoking withdrawal effects can decrease PPI levels; 38 hence, smokers were allowed to smoke ad libitum before the assessment. The reported amount of regular smoking behaviour was quite low in our study and, except for 1 control participant, restricted to the UHR group. Therefore, if smoking did have an effect in the expected direction, a superior correction for smoking status would most likely have resulted in larger group differences and a strengthening of our results.
Conclusion
In this paper, we report on a 2-year follow-up study of PPI measures in a sample of UHR adolescents and typically developing controls. Results indicated that both startle magnitude and %PPI represent stable vulnerability markers of the psychosis prodrome. Based on a small group of UHR individuals (n = 6) with a psychotic episode between assessments, we did not find evidence for increased PPI deficits associated with transition to psychosis. However, we were able to show an association between PPI, symptom severity and subsequent improvement over time, suggesting that the magnitude of PPI deficits may partially depend on clinical status. This is in line with the idea put forth by others that reduced PPI can be studied as both a trait and a state marker in schizo phrenia research. 11, 12, 39 Future longitudinal studies would benefit from larger groups of UHR individuals converting to psychosis and multiple repeated measures over time to establish the nature of the relation between clinical progression and PPI deficits. Direct comparisons between UHR individuals with and without a genetic vulnerability for schizophrenia-spectrum disorders and unaffected family members of patients with schizophrenia-spectrum disorders could also provide additional insight into the relative contribution of state and trait aspects of these types of vulnerability markers. 
